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ABSTRACT The rates of charging and discharging in lithium-ion
batteries (LIBs) are critically controlled by the kinetics of Li insertion
and extraction in solid-state electrodes. Silicon is being intensively
studied as a high-capacity anode material for LIBs. However, the
kinetics of Li reaction and diffusion in Si remain unclear. Here we

report a combined experimental and theoretical study of the
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lithiation kinetics in individual Si nanowires. By using in situ

transmission electron microscopy, we measure the rate of growth of a surface layer of amorphous Li,Si in crystalline Si nanowires during the first

lithiation. The results show the self-limiting lithiation, which is attributed to the retardation effect of the lithiation-induced stress. Our work provides a

direct measurement of the nanoscale growth kinetics in lithiated Si, and has implications on nanostructures for achieving the high capacity and high rate in

the development of high performance LIBs.
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important for electrifying transport ve-
hicles and delivering renewable electri-
city.! Future competitive applications of LIBs
are hinged on the ability to drastically im-
prove the capacity, rate, and cycle life. These
requirements are crucially controlled by the
kinetics of Li reaction and diffusion in solid-
state electrodes.>™® To enable the drastic
performance improvement of LIBs, it is im-
perative to characterize, understand, and
optimize the Li kinetics in electrodes.>~8
Experiments show that Li insertion into the
high-capacity anode material, such as Si nano-
wires and nanoparticles, occurs through the
growth of an amorphous alloy of LiSi
(denoted as a-Li,Si, where x ~ 3.75)87'2
Such a Li-rich amorphous product is sepa-
rated from the unreacted crystalline Si (c-Si)
by an atomically sharp phase boundary.
During progressive lithiation, the Li is sup-
plied from the nanowire/nanoparticle sur-
face and must diffuse across the a-Li,Si layer
that grows with increasing thickness. While
the lithiation processes have been studied
by various experimental techniques,®~"” the
kinetics of lithiation in Si nanomaterials remain
unclear. From both the experimental®~"” and

I ithium-ion batteries (LIBs) are critically
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modeling'®~ % standpoints, there is currently a

strong need to quantify the lithiation kinetics in
Si. This is central for advancing the under-
standing and development of high-capacity
Si-based anodes.

Recently, McDowell et al.'” studied the
lithiation kinetics in ¢-Si nanoparticles with
different initial diameters using in situ trans-
mission electron microscopy (TEM). They
measured the positions of the reaction front
(i.e,, the phase boundary between the c¢-Si
core and a-Li,Si shell) during lithiation, and
attributed the slowing of the reaction front
to the changing mechanical stress at the
reaction front that altered the driving force
for reaction. This work raises a series of
fundamental questions. For example, is the
slowing of the lithiation rate primarily caused
by the stress retardation effect on the Li
reaction at the phase boundary or Li diffusion
in the lithiated a-Li,Si layer? How is the
slowing of the lithiation rate affected by the
curved phase boundary and the applied
voltage? What is the size effect of nanopar-
ticles/nanowires on the lithiation rate? To
shed light onto these questions, here we
report a combined experimental and theo-
retical study of growth kinetics of a-Li,Si in a
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¢-Si nanowire during the first lithiation. Taking advan-
tage of the large contrast in electron transparency
between the crystalline and amorphous phases, the
real-time imaging through TEM allows a direct mea-
surement of the growth rate of a-Li,Si at the nanoscale.
Our in situ TEM results not only provide the quantita-
tive data of lithiation kinetics in Si nanowires, but also
reveal the self-limiting behavior of lithiation, which is
attributed to the stress-retardation effect. This work
represents a significant step toward deconvoluting the
composition, geometry, and stress effects on the lithia-
tion kinetics in Si alloys, essential to the development
of high-rate and high-capacity electrodes for LIBs.

RESULTS AND DISCUSSION

Figure 1a,b shows a schematic illustration of the
in situ lithiation experiment inside the TEM. A nano-
battery was constructed in the half-cell configuration
using the Si nanowire (SiINW) working electrode, as
described elsewhere.®*° As indicated in Figure 1b, after
a bias of —2 V was applied to the SiNWs, Li transport
took place through all free surfaces (i.e., on Si wafer and
adjacent SINWs, marked by the red arrows), and lithiation
occurred from the surfaces into the bulk of ¢-Si. Figure 1c
shows a pristine SINW, while Figure 1d shows the partially
lithiated SINW with an a-Li,Si shell grown on the inner ¢-Si
core. The interface between the a-Li,Si shell and ¢-Si core
was sharp, indicating the two-phase mechanism of Li
insertion into Si. Figure 1e shows a low-magnification
TEM image of the multiple SINWs being lithiated, and the
red arrows mark the surface diffusion path of Li. Notably,
lithiation also occurred in those SiNWs that were not
directly contacting the Li,O/Li electrodes. The inset in
Figure 1e illustrates Li transport on the surface, as well as
radial insertion into the ¢-Si core.

The growth kinetics of the a-Li,Si shell on ¢-Si was
obtained by monitoring the SINW morphology in every
15 min. All the experiments were conducted without
the electron beam illumination (i.e., in dark) except for
quick imaging at the weak beam (electron dosage rate
of ~2.5 mA/cm?). To reveal the intrinsic lithiation
behavior without the influence of externally applied
voltage and force, we chose to monitor a freestanding
SiNW, the bottom image in Figure 1e, denoted as
SINW_A. Figure 2a—e shows the evolution of the
morphology and two-phase microstructure in SINW_A.
In Figure 2f, we plot the thickness of the a-Li,Si shell
versus time, as well as the diameter changes of the Si
core and the etched depth, taken from a typical cross
section of SINW_A. During the lithiation process over 4
h, the diameter of the ¢-Si core decreased from 139 to
101 nm, and the thickness of the a-Li,Si grew from 0 to
54 nm. In the first hour, the lithiation was fast and the
average velocity of the core—shell interface was about
10 nm per hour or equivalently 3 x 10~'2 m/s. The
lithiation apparently slowed down as the core—shell
interface moved deeply to the center of SINW_A, and
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became extremely slow after about 2.5 h. These results
clearly demonstrate the self-limiting lithiation in Si
nanomaterials.

In addition to SINW_A, we also monitored the
relatively fast lithiation of a SINW in direct contact with
the Li,O/Li electrode, the top image in Figure Te,
denoted as SiNW_B. Since SiNW_B was subjected to
the applied voltage, the lithiation rate was markedly
increased. Figure 2g—k shows the morphological evo-
lution of SiNW_B. Figure 2| shows the thickness of
the a-Li,Si shell versus time, as well as the diameter
changes of the Si core and the etched depth. During
the first 1.5 h of lithiation, the diameter of the ¢-Si core
decreased from 129 to 58 nm, and the thickness of the
a-Li,Sigrew from 0to 95 nm. Compared to SINW_A, the
lithiation in SINW_B was faster, and the average velo-
city of the core—shell interface was about 35 nm per
hour or equivalently 10~"" m/s. Incidentally, this aver-
age velocity represents the mean value over a long
span of an hour, and thus it is markedly lower than the
initial velocity of the (110) interface—about 5 x 10~
m/s as measured by recent in situ high resolution TEM
experiments under the same applied voltage during
the early stage of lithiation.? Also note that in the above
estimate the growth in the first half an hour was not
included, because the initial lithiation rate was extre-
mely low, possibly due to the incubation time required
for formation of a percolating path of Li-ion transport
through the solid electrolyte Li,O or Li penetration into
Si subsurface. Similar to SINW_A, SINW_B also exhib-
ited the self-limiting lithiation, as the movement of the
core—shell interface became extremely slow after
about 1.5 h. When the lithiation was fully retarded
(after 4 h in both cases), the diameter of the ¢-Si core
was smaller in SINW_B than that in SINW_A, indicating
the varying extent of lithiation by the applied voltage. The
Supporting Information movie shows the lithiation pro-
cess of both SiNWs in the same field of view. The slowing
of the lithiation front was also recently observed in Si
nanoparticles by McDowell et al.'” Their lithiation time
scale is on the order of minutes, as opposed to hours in
our experiment. The large difference in time scale is
possibly due to the different conditions of applied voltage
and doping in Sj, etc., but indicative of the robustness of
the self-limiting lithiation behavior.

As this work primarily focuses on the intrinsic chemical
lithiation behavior of Si nanomaterials, we will further
analyze the lithiation kinetics in SINW_A. This has been
facilitated by the large set of collected data that clearly
reveal the time law of growth. Before embarking upon
detailed analyses of the lithiation kinetics, we outline a
general theory of solid-state reactions involving the
moving phase boundaries (with detailed derivation given
in the Supporting Information)3'*2 To highlight the
essential physics, we first consider a simplified geometry
where a planar film of a-Li,Si (y phase) grows between
the pure phases of Li (o) and Si (), as shown in Figure 3a.
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(a) SINW

a-Li,Si

Figure 1. In situ lithiation of SiNWs. (a,b) Schematic illustration of the experimental setup. The [111]-oriented SiNWs were
epitaxially grown on a Si(111) wafer, and the Li,O/Li electrode on a W probe was brought to contact the free end of a SINW.
Upon lithiation, Li diffused on all the surfaces and lithiation occurred also on adjacent freestanding SiNWs. (c,d) Morphology
comparison between the pristine (c) and lithiated SiNW (d). An a-Li,Si shell was growing on the ¢-Si core during lithiation.
(e) An overall view of several SiNWs being lithiated. The inset scheme shows Li diffusion on the NW surface and radial insertion.
The freestanding SINW marked as SINW_A was lithiated by the Li flux coming from SiNW_B that was in contact with Li,O/Li.

The growth kinetics of the a-Li,Si alloy layer is determined
by two types of processes in series: (1) the diffusion of Li
across the alloy layer with increasing thickness; (2) the
reaction at the interface that usually involves a reaction
barrier. Figure 3b shows that in the diffusion-controlled
limit, the Li concentration at the interfaces is given by the
equilibrium values of C74 and G, defined in terms of the
common tangent of the free energy curves, as schemati-
cally shown in Figure 3c. The corresponding rate-controlling
parameter is the interdiffusion coefficient D in the lithiated
alloy—since the mobility of Li is usually much higher than
that of Si*® D can be reasonably regarded as the Li
diffusivity. Figure 3b also shows that in the reaction-
controlled limit, the actual concentrations at the interfaces
are C,o < Gd and G, > G, respectively. The associated
rate-controlling parameter is the interfacial reaction rate
constants of k,,, and ;3. Between the two limits, the rate
of change of the layer thickness, X, = X, 5 — X, is given by

dt Ky Xy
'| -
* D

(m
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where the effective interfacial reaction constant «, is
1/k, = 1/k,q + 1/k,5 and the growth coefficient H,, is
H, =G — Coo) + 1(Cyp — C3)).

Equation 1 reveals the key dimensionless parameter,
«,X,/D, that governs the aforementioned reaction- and
diffusion-controlled limits. Namely, when «,X,/D < 1,
the interface reaction dominantly controls the growth
rate. Correspondingly, eq 1 is reduced to

dx;, i
E =M (2)
where M' = (C3 — C3})k,H,.. Integration of eq 2 gives the
thickness X,, proportional to t, called the linear growth.
When «,X,/D > 1, this is the regime of diffusion-
controlled growth. It follows that eq 1 is reduced to
d
ddity = % (3)
where M® = D(C3 — CDH, and H, = T/(C3 — C3) +
/(G2 — C3;). Integration of eq 3 yields the thickness X,
proportional to /¢, called the parabolic growth. It should
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Figure 2. Growth kinetics of amorphous Li—Si alloy on SiNWs. (a—e) Morphological evolution of SINW_A in 4 h. (f) Plots of etch
depth and diameter of SINW_A and thickness of the a-Li,Si shell versus time. (g—k) Morphological evolution of SINW_Bin 4 h.
() Lithiation kinetics of SINW_B. The growth of a-Li,Si slowed down in both SINW_A and B during the long lithiation process.
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Figure 3. Free energy and concentration profile governing the growth of an amorphous Li,Si layer, adapted from Gosele and
Tu.>"32 (a) The product phase of Li,Si (y) grows in between the parent phases of Li (o) and Si (5). (b) Li concentration profile
through the thickness of the multilayer, showing the limits of the interface reaction control and the diffusion control. The
equilibrium Li concentration in o and 3 phase is denoted by C5)} and C3, respectively; within the layer of y phase, the
equilibrium concentrations at the y—f3 and y—a. interface are denoted as C;5 and C;§, respectively. These concentrations can

be determined by the common-tangent method in the plot of free energy as a function of Li concentration, as schematically

shown in panel c.

be noted that for conceptual clarity the above variables
are all defined in terms of the reference state of pure Si, as
opposed to the current lithiated state. For example, the Li
concentration is the number of Li per reference volume in
pristine Si, and X, is the thickness of the pristine Si layer
that has been lithiated. In our experiments, the initial
radius of SINW, B, the current radius of lithiated SiNW, b,
and the current radius of Si core, A, were all directly
measured. As a result, one can study the time-dependent
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thickness of the lithiated Si shell either in the reference
state (i.e, the pristine Si shell that has been lithiated, X, =B
— A) orin the current state (i.e, the a-Lis 755i shell, x, = b — A).
Formulation in terms of the reference state is often
adopted in continuum mechanics for problems with large
deformation. Such an approach avoids the complication
on Li flux arising from volume expansion. The following
analyses will be performed on the basis of the reference
state. However, given the one-to-one correspondence
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between X, and x, measured in experiments, the final
results will be presented in terms of the current thickness,
which is more intuitive.

Next, we apply the above theory to analyze the
measured lithiation kinetics in SINW_A. Recall that
lithiation occurs through the core—shell mode, that
is, a shell of a-Li,Si grows with concomitant shrinkage
of a ¢-Si core. Figure 1e reveals that the tapering of the
Si core is negligibly small in the longitudinal direction,
suggestive of considerably faster Li diffusion on the
surface than in the bulk. On this basis one can focus on
the radial lithiation within a representative cross sec-
tion of SINW_A by taking the surface Li concentration
as a boundary condition. As such, the 3D lithiation
problem is reduced to 2D. Moreover, recent experi-
ments have revealed the anisotropic swelling in c¢-Si
nanowires and microslabs upon lithiation, with the
largest expansion in the (110) direction.”~"" However,
for a (111)-orientated SiNW, there is a high number of
(i.e., six) equivalent (110) directions within the cross
section, such that the isotropic lithiation in the nanowire
cross section can be reasonably assumed. Hence the 2D
analysis is further reduced to 1D in the radial direction. As
such, the following analyses of lithiation kinetics should
be considered as those related to (110) interfaces.

It should be stressed that the rate of growth of the
a-Li,Si shell (as given by the slope of the blue curve in
Figure 2f) is not constant in SINW_A. The origin of such
nonlinear growth cannot be clearly determined at the
moment of this study. This is because the lithiation-
induced compressive stresses in the a-Li,Si layer could
dominantly retard either the Li diffusion in the shell or
the Lireaction at the core—shell interface. To shed light
on the stress-lithiation coupling, we consider both the
limits of diffusion- and reaction-control, respectively.
First, we assume that the growth kinetics are controlled
by Li diffusion. Taking the Li concentration at the
nanowire surface, C;, as a prescribed boundary condi-
tion, we reduce the rate coefficient M% in eq 3 to

eq
G - Cyﬂ

Vi Y

Numerical integration of egs 3 and 4 yields the time law
of growth, that is, thickness of the lithiated layer as a
function of time, when the phase boundary is planar.

To account for the self-limiting behavior of lithiation
in SiINWs, we note that the core—shell interface is
curved. Our analysis indicates that the self-limiting of
lithiation cannot be simply explained by a geometrical
curvature effect, which leads to the increased circum-
ferential length with radial distance. This is shown in
Figure 4b by the large discrepancy between the ex-
perimental data and the modeling result (green
dashed line) from direct numerical integration of
egs 3 and 4 with the geometrical curvature effect
incorporated. Apparently, the measured data are
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highly nonlinear and deviate from the classic linear or
parabolic relation.3'>* We attribute the discrepancy
between experiment and modeling to the stress retar-
dation effect that will be accounted for in eqs 3 and 4,
rather than inadequate parameter optimization.

To rationalize the slowing of the reaction front, we
note that the large compressive stresses can developin
the lithiated shell, owing to geometrical constraints
from the unlithiated c¢-Si core. At this moment, the
stress evolution in lithiated Si cannot be quantitatively
evaluated, due to a lack of experimentally measured
chemo-mechanical properties of Li,Si such as chemical
strains of Liinsertion and elasto-plastic properties, all of
which depend sensitively on Li concentration and
possibly on crystal orientation.>*>> Nevertheless, we em-
ploy a chemo-mechanical model, as described in detail in
our recent work,>?%*® to qualitatively capture the domi-
nant feature of lithiation-induced stresses in SINWs when
the two-phase mechanism of lithiation is involved. In
Figure 4a, we plot the representative results of lithiation-
induced stresses, showing the large hydrostatic compres-
sion generated in the lithiated shell.

To evaluate the impact of the lithiation-induced
compressive stresses, we assume, in a first approxima-
tion, a uniform hydrostatic compression p within the
lithiated shell. Then the effective diffusivity can be
expressed as D = Dy exp(—pQ/kgT), where Dy is the Li
diffusivity at zero stress, Q is the activation volume of Li
diffusion, and kgT is the thermal energy. As shown in
Figure 43, the uniform pressure p represents a reason-
able approximation, when the lithiated shell is thin.
However, the pressure p can become highly nonuni-
form as the reaction front further moves to the center
of SINW. This has been recently shown to be caused by
the increasing importance of the curvature effect of the
reaction front, i.e., the lithiation-induced volume ex-
pansion at the curved reaction front pushes out mate-
rials in the lithiated shell, leading to the reversal of
hoop stress from the initial compression to tension in
the shell.'>3” In SINW_A, the slowing of the reaction
front occurs when the lithiated shell is thin, such that
the use of a uniform p is reasonably justified. Further-
more, during the early stage of lithiation, the pressure p
increases as the lithiated shell thickens.'*2%3¢ This
arises similarly owing to the effect of the curved
reaction front, namely, the lithiation-induced pressure
at the reaction front has to increase in order to push out
the materials in the thickening shell. To account for the
effect of increasing pressure in the lithiated shell, we
rewrite the above stress-dependent Li diffusivity as

D = Dyexpl—(aX,/B)’] (5)

where B denotes the initial radius of SiNW and is
introduced to normalize X,. In eq 5, a and 3 are the
dimensionless fitting parameters. This empirical for-
mula involves a stretched exponential function, giving
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Figure 4. Modeling of stress generation and self-limiting lithiation in a SINW. (a) Computed radial stress distribution at the
cross section, including the radial ,, hoop oy, axial o,, and hydrostatic compression p = — (o, + 0y + 0,) /3 components, which
are normalized by Young's modulus. The radial distance is normalized by the cross-sectional radius of SINW. The dashed line
indicates the current location of the core—shell interface. The inset shows the schematic of the cross section of a partially
lithiated SiNW, where an a-Li,Si shell encloses a c-Si core. (b) Thickness of the a-Li,Si shell versus time: comparison between
experiment (circles) and modeling that includes the stress-retardation effect (blue line); also shown is the fitting curve (green
dashed line) from the stress-free model where the stress-independent diffusivity is optimized to improve the overall quality of

fitting.

the effective diffusivity that decreases with increasing
shell thickness. As shown in Figure 4b, the modeling
result can well match the experimentally measured
values of X; as a function of time. The fitting parameters
are a. =5 and f§ = 2; the detailed fitting formulas and
numerical procedures are given in the Supporting
Information. The effectiveness of eq 5 suggests a
strong nonlinear influence of lithiation-induced stres-
ses on the lithiation kinetics, while the linear stress
effect has been usually assumed in previous models of
stress-diffusion coupling for Si electrodes. In addition,
we obtain the fitting value of Dy ~ 107" cm?/s,
corresponding to the Li diffusivity in a-Lis ;5Si at zero
stress and room temperature. However, this diffusivity
is extracted indirectly and should be considered as an
estimate. Moreover, the Si substrate also absorbs Li, thus
affecting the Li concentrations at the surface of SINW_A
and accordingly the driving force of Li diffusion into the
bulk of SINW_A. These effects cannot be quantitatively
evaluated at this moment. Nevertheless, our estimated
diffusivity is reasonably close to the reported experimen-
tal values in the literature (in the range of 107" to
107" cm?/s),"*3® considering that various factors such
as doping could change the lithiation rate.3

Although the self-limiting lithiation might be caused
by the stress-retarded diffusion owing to the high
compressive stresses generated in the lithiated shell,
the present experimental results cannot exclude the
possible cause of self-limiting lithiation by the stress-
retarded interface reaction. To evaluate the interface-
reaction limit, we assume that the Li reaction at the
nanowire surface is faster than in the bulk, and thus
take the surface Li concentration of SiNW, C,, as a
prescribed boundary condition. It follows that the rate
coefficient M' in eq 2 becomes

G —C
M = Cj _ C[ég KVﬁ (6)
Y
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where the Li concentration C, 4 at the core—shell inter-
face has been approximated by C;. Similar to the above
diffusion-limited case, we adopt an empirical function
to represent the nonlinear effect of lithiation-induced
pressure at the core—shell interface, that is, «,3 = i, 50
exp[—(otXr/B)ﬁ], where k3, denotes the rate constant
at the reaction front at zero stress; this relation physi-
cally reflects the fact that the pressure at the core—
shell interface increases as the shell grows thicker, thus
increasing the activation energy barrier and accord-
ingly lowering the reaction rate. In the Supporting
Information, Figure S2 shows that the modeling result
well matches the experimentally measured values of X,
as afunction of time. The fitting parameters are k, 30 =5
x 107'°m/s, . = 6 and 8 = 2. In addition, we note that
the lithiation-induced stress generally affects both the
thermodynamics (e.g., diffusion potential) and kinetics (e.
g., energy barrier) of diffusion/reaction simultaneously.'
In the above analyses of diffusion/reaction control, we
adopt the Arrhenius rate relation to account for the stress
retardation effect. This approach allows us to directly fit
the measured data of lithiation kinetics and also renders a
strong nonlinear influence of stress on lithiation. In the
future, it is interesting to study the relationship between
such a kinetic approach and the thermodynamic analysis
in terms of the stress-retarded diffusion/reaction potential.

To understand the size effect on lithiation kinetics
and particularly on the self-limiting feature, we note
that McDowell et al."” studied the lithiation kinetics in
crystalline Si nanoparticles with different initial radii B.
They showed that the slowing of the reaction front
depends primarily on the ratio of X,/B. In other words, it
is not dependent on the nanoparticle size after appro-
priate rescaling of the measured data. Motivated by
their work, we derive a scaling relation in the Support-
ing Information, which reveals how the lithiation ki-
netics vary with the nanowire/nanoparticle radius.
Specifically, we show that the ratio of X,/B should obey
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a size-independent time law under reaction control,
and a scaling relation can be similarly derived in the
case of diffusion control. These results suggest that the
self-limiting feature should not depend on the wire/
particle size, as long as the mechanical stress scales
with the dimensionless variable of X,/B, a condition that
is satisfled when the classic elasto-plastic deformation
(which is length scale independent) prevails. As a con-
sequence of such size independence, it remains an open
question regarding how to determine the rate-controlling
step for the stress-mediated lithiation that deviates from
the classic linear or parabolic relation.3' 33

Finally, we note that for several other free-standing
SiNWs in Figure 1e, we obtained the similar kinetics
data as for SINW_A. However, SINW_B was in direct
contact with the Li source and subjected to the applied
voltage. As a result, its electrochemical lithiation in-
volves a more complicated coupling between the
electron/ion transport with the electric and stress
fields. Figure 2l shows that the position of the reaction
front appears to depend linearly on time, suggestive of
the interface-reaction control. However, in this case the
reaction front moves deeply to the center of the
nanowire and the stress distribution in the lithiated
shell becomes highly nonuniform, so that the as-
sumption of the uniform shell stress is not valid.'? In
addition, due to the uncertainty on the contact
resistance between the Li,O/Li electrode and SiNW_B,
the voltage acting on SiINW_B is not quantitatively
known. Furthermore, the analysis of the electrochemical
lithiation in SINW_B, as opposed to the chemical lithia-
tion in SINW_A without the applied voltage, requires the
quantitative information about the effects of electrical
field on both Li diffusion and interface reaction, which
is not available at the moment of this study. But the
self-limited electrochemical lithiation in cases such as
SiNW_B is an important problem that requires a sys-
tematic study in the future.

The result of self-limiting lithiation has implications
for achieving the high capacity and high rate in the
development of Si-based anodes for high-performance
LIBs. First, the hollow nanotubes should be more
favorably used as the anode materials than the solid
nanowires. The experiments show that the velocity of
the reaction front is drastically reduced as it moves to
the center of the nanowire. As a result of the slowing of
the lithiation reaction (which is retarded by the lithiation

EXPERIMENTAL DETAILS

The SiNWs, epitaxially grown on a Si (111) wafer, were the
working electrode; the Li metal on a tungsten (W) probe was the
counter electrode; and a native lithium oxide (Li,O) layer acted
as a solid-state electrolyte (Figure 1a). The Li,O/Li electrode was
driven by a piezo-positioner (Nanofactory, TEM-scanning tun-
neling microscopy holder) to contact the free end of a SINW,
and then a bias of —2 V was applied to the Si wafer with
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stress), it would be difficult to fully lithiate all the solid Si
nanowires. During in situ lithiation experiments, we fre-
quently observed the unlithiated core that could not be
further lithiated, such that the effective Li capacity in the
Si nanowires is reduced. Since the stress-retardation
effect on lithiation kinetics arises from the curved core—
shell interface, the above considerations are also applic-
able to Si nanoparticles. Both the hollow Si nanowires and
nanoparticles have been previously studied, but mostly
from the perspective of mitigating the mechanical
degradation*®~*? rather than from the capacity and rate
considerations. Our work of self-limiting lithiation pro-
vides a new perspective.

Second, the self-limiting behavior of lithiation is en-
couraged by the two-phase lithiation mechanism in ¢-Si
nanowires during the first lithiation. The large and abrupt
change of Li concentration across the phase boundary
(that is, core—shell interface) facilitates the buildup of
high compressive stresses in the lithiated shell, thereby
causing the slow-down of Li diffusion and interface
reaction. In this regard, a natural question is what hap-
pens beyond the first lithiation of ¢-Si. Our recent in situ
TEM experiments indicate that the two-phase lithiation
mechanism prevails not only in ¢-Si but also in the first
lithiation of a-Si. As such, the implications discussed
above are expected to be applicable to a-Si. However, it
remains an open question whether the two-phase me-
chanism dominates the lithiation of a-Si beyond the first
cycle—such possibility has not been clearly proved or
disapproved by the in situ experiment so far, but should
be further studied in the future.

CONCLUSION

In summary, we measure the rate of growth of a
surface layer of amorphous Li,Si in the crystalline Si
nanowire during the first lithiation by using in situ
transmission electron microscopy. The self-limiting
lithiation of Si is observed, which is attributed to the
retardation effect of the lithiation-induced stress. We
show that the chemical lithiation can occur sponta-
neously in Si nanowires, but its kinetics are much
slower than the electrochemical lithiation under the
applied voltage. Our work provides a direct measure-
ment of the nanoscale lithiation kinetics in Si, as well as
a mechanistic framework for quantifying the rates of
high-capacity anodes in the development of high-
performance lithium-ion batteries.

respect to the W probe to initiate and sustain the lithiation.
The current compliance was set at 1 nA to avoid additional
disturbing effects (i.e., uneven lithiation or Joule-heating).
The electron beam was shut off during lithiation, except for
the periodic imaging. During the imaging process, the total
exposure time was about several seconds and the electron
dosage rate was minimized to avoid beam effect on the
reaction kinetics.
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